The Physics of Notations (PoN) is a theory for the design of cognitively effective visual notations, emphasizing the need for design grounded in objective and verifiable rationale. Although increasingly applied, no systematic analysis of PoN applications has yet been performed to assess the theory's efficacy in practice. OBJECTIVES: Our primary objective was to assess the scope and verifiability of PoN applications. METHOD: We performed a systematic literature review (SLR) of peer-reviewed PoN applications. We analyzed what visual notations have been evaluated and designed using the PoN, for what reasons, to what degree applications consider requirements of their notation's users, and how verifiable these applications are. RESULTS: Seventy PoN applications were analyzed. We found major differences between applications evaluating existing notations and applications designing new notations. Particularly, in the case of new notations, we found that most applications adopted the PoN with little critical thought towards it, rarely considered its suitability for a particular context, and typically treated and discussed the PoN with few, if any, verifiable details and data. CONCLUSION: The results warrant consideration for those applying the PoN to do so carefully, and show the need for additional means to guide designers in systematically applying the PoN.
INTRODUCTION
C ONCEPTUAL modeling is a technique used throughout most stages of information systems (IS) development to foster communication and shared understanding between stakeholders [1] . The requirements phase of software engineering (SE), for example, uses models as a major intermediary step in going from goals to actual software specifications [2] . Conceptual modeling languages and their products-the actual conceptual models-are extensively used to understand and communicate about a particular domain [3] . For these purposes, visual notations are frequently used rather than solely textual notations, as they can present information more concisely and precisely than a similar textual model [4] , [5] . However, visual notations of modeling languages have frequently been designed by committees or ad hoc, without explicit regard for what empirical evidence would best suit a particular type of user and task. Some of the most widespread visual notations used in practice, such as the Unified Modeling Language (UML), have been claimed to be affected by this limitation [6] .
Given the use of visual notations as tools for fostering shared understanding of, and agreement on, a given universe of discourse, it is important that they are easy to use and understand, and should therefore be designed to be cognitively effective [7] . Larkin and Simon [5] define cognitive effectiveness as ". . .the speed, ease, and accuracy with which a representation can be processed by the human mind." Many approaches exist that offer varying degrees of guidance in the form of guidelines and procedures to ensure the cognitive effectiveness of a visual notation. The application of a specific theory for designing cognitively effective visual notations, introduced by Moody [8] , has grown increasingly widespread. Moody argues that the Physics of Notations (PoN) theory, offers a comprehensive work based on a synthesis of theories from, e.g., the psychology and cognitive science fields, to provide an evidence-based design theory that can be used in order to analyze the cognitive effectiveness of existing visual notations, or aid the design of new ones.
The main claim of the PoN theory is that grounding design choices in design rationale is vital for the development of any visual notation. In fact, the main article presenting the PoN [8] starts with a quote taken from [9] , lamenting that "the reasons for choosing graphical conventions are generally shrouded in mystery." It then continues on to note that design rationale "is conspicuously absent in the design of SE visual notations," [8] and that, at the time of its writing, "SE visual notations are currently designed without explicit design rationale." [8] The solution, according to the PoN, is that justifications of visual notation design "should be based on scientific evidence rather than subjective criteria, as is currently the case." [8] The goal of this review was to assess the state of the art of studies in the literature in which authors applied the PoN to visual notations, and determine whether the application of the PoN has led to its main goal: visual notations, the design of which is explicitly grounded in objective and verifiable design rationale. In an earlier publication [10] , we presented preliminary results of the review with a subset of the applications described here, focusing on an initial descriptive synthesis. Here, we present the full results of a complete systematic literature review (SLR), incorporating a complete selection of studies.
Specifically, we investigated not only what those who applied the PoN did, but also how they did it. To this end, this review was guided by four main research questions: RQ1. Which visual notations have been analyzed using the PoN theory? RQ2. What reasons do the researchers provide for using the PoN theory? RQ3. To what degree do the analyses consider the requirements of the notation's users? RQ4. How verifiable are the performed analyses?
The findings reveal that applications of the PoN are typically done with an uncritical attitude towards the theory, its suitability or need to be adapted to the notation at hand, and that design decisions informed by the PoN lack verifiability. We further discuss in detail the implications of the findings of this analysis and how they may steer future applications of the PoN. With this review, we hope to inspire researchers and practitioners, wishing to design or analyze visual notations according to the PoN, to make their efforts using the PoN as effective and reproducible for the conceptual modeling community as possible.
The remainder of this paper is structured as follows. In Section 2, we elaborate in more detail on the PoN theory itself, while Section 3 discusses related work critically assessing the PoN. Section 4 sets out our review approach by explicitly describing the research questions and the review protocol that followed from these questions. An overview of the data resulting from the analysis is given in Section 5, where each research question is individually answered. The meaning of these findings is discussed in Section 6. Finally, Section 7 summarizes the research contribution and concludes with recommendations for future use of the PoN.
BACKGROUND: THE PHYSICS OF NOTATIONS
The PoN theory has grown to become widely cited and referenced over the past few years, ostensibly welcomed by many notation designers for the guidance it provides. This is evidenced not only by its high number of citations in a relatively small field (over 400 according to Scopus, and over 740 according to Google Scholar), which has steadily grown over the years, but also by an analysis showing that, as the number of works citing the PoN has grown, the number of citations to competing approaches, such as CD, has dropped [11] .
Apart from the PoN's growing recognition in the conceptual modeling (language) literature, its influence has spread to other areas of research, such as conversation visualization [12] , software interface design [13] , model-driven development of statistical survey services [14] , and analysis of musical composition [15] . Work has also been conducted to specialize it for use in analysis frameworks for specific domains, such as Enterprise Architecture [16] . This is not to say that the PoN has been universally adopted, as some authors have found its use unnecessary [17] , while others found that applying parts of it may suffice [18] or even argue that their own proposed design principles, while in accordance with the PoN, are based on earlier sources and thus do not require its use (cf. [19] , [20] ).
The PoN was proposed as both a descriptive theory, to understand how visual notations communicate information, and a prescriptive theory, to improve notations' ability to communicate by ensuring that their design is cognitively effective. The prescriptive theory is the one that is most frequently referred to as "the PoN," consisting of nine principles: semiotic clarity, perceptual discriminability, semantic transparency, complexity management, cognitive integration, visual expressiveness, dual coding, graphic economy, and cognitive fit. Table 1 summarizes the principles.
Each of these principles focuses on a particular aspect that contributes to the cognitive effectiveness of a visual notation, providing theoretical definitions and procedures to verify or implement the aspect for a given notation. However, the detail and degree to which procedures are given to explain the practical implementation of each principle vary. Some are fairly straightforward, some require understanding of their related cognitive theories, and some require user involvement in order to both operationalize and implement them [21] . Moreover, the implementation of one principle may affect, positively or negatively, the implementation of another principle. An overview of these interactions as established by Moody is shown in Fig. 1 .
Some principles require only the elements of the visual notation and its related semantics to be applied. For semiotic clarity, one has to compute some formulae for symbol redundancy, overload, excess, and deficit. Together, they indicate whether it holds that each semantic construct has a unique graphical symbol, used only for that construct. This requires access to the specification of the language for the constructs and the visual notation, but otherwise requires little additional effort. Sometimes the application of a principle that requires theory is straightforward. To compute graphic economy, we need to check that the total number of graphical symbols respects some threshold of being cognitively manageable. Practically speaking, this is done by comparing the total number to Miller's law of 7 AE 2 symbols. If the total number of symbols is 9, one could already argue the principle holds. Of course, if the visual notation contains different diagram types, in line with cognitive integration, the calculation becomes slightly more involved, as one would need to calculate the total number of graphical symbols that can potentially occur in each diagram type.
Not all applications of theory are as simple as they seem, however. Take dual coding for instance. Using text to complement graphics sounds simple enough; but what additional design choices should be made to ensure that the text is also readable and effective? Where should a textual label be located? Should it have a color that maximizes the contrast with the element on which it is placed? Should its size be a consideration, or even considered a static property if models can be zoomed in and out? In terms of how involved the implementation and design rationale are, there is thus a long continuum between na€ ıve and more thoughtful applications.
Finally, consider perhaps one of the most deceivingly simple principles: semantic transparency. The visual notation should use graphical symbols that suggest their meaning. We should use icons that represent the real-world element, like using a stick figure for human actors, a lock element for secured objects, and so on. How does one implement this principle? User involvement becomes necessary both to elicit potential meaningful symbols and to evaluate whether their suggested meaning holds for the intended user audience of the visual notation. Given the PoN's insistence that design rationale should be based on scientific evidence rather than subjective criteria, implementing these kinds of principles requires extensive empirical work.
Given all these considerations, one could thus ask whether the PoN indeed contains a prescriptive theory or whether it is a collection of guidelines and best practices stemming from relevant theories, however open for interpretation by its users. It is likely that one application of the PoN would not be informed by the exact same interpretation of its principles and their scope as another.
RELATED WORK
While the attention paid to the PoN has grown, so has the research critically analyzing its suitability and capability as a theory for determining the cognitive effectiveness of visual notations. The PoN has been criticized for being overly focused on visualizations that deal with individual entities and their relationships, and for not offering sufficient support for other paradigms, such as pattern-based visualizations [22] . da Silva Teixeira et al. [23] argued that the PoN itself does not offer a systematic process for applying the theory and that it lacks guidance in terms of explaining exactly when to apply which principle.
St€ orrle and Fish [24] criticized the formulation of the PoN's principles for being "neither precise nor comprehensive enough to be applied in an objective way to analyze practical visual software engineering notations." They attempted to alleviate this issue by providing formalizations to verify whether a given principle holds, focusing on two principles: semiotic clarity and perceptual discriminability. However, even for their proposed formalizations they encountered the challenge of needing to make choices concerning particular variables and threshold values, for which they acknowledged "not yet having the empirical evidence to support our assumptions." [24] Some effort in this direction has been made by Stark et al. [25] , who provided theoretically-grounded color palettes, aiding the application of the perceptual discriminability principle. CEViNEdit, a recently proposed editor for the creation of domain-specific languages that claims to take the PoN into account [26] , was similarly limited, focusing on three principles: semiotic clarity, visual expressiveness, and graphic economy.
In relation to these limitations, van der Linden et al. [21] investigated the degree to which the principles of the PoN lend themselves to operationalization efforts. They concluded that it is impractical, if not downright impossible, to capture several of the principles in finite formalizations. One of the reasons was that user involvement is required for both the operationalization of some principles and verifying whether these principles hold. This provides further grounds for a critical investigation of applications of the PoN theory, such as the reported finding that applications frequently lack the involvement of the intended users of the visual notation [27] . To support designers of visual notations, van der Linden et al. further proposed a framework [28] which explicitly acknowledges the claimed impracticality of operationalizing several principles, instead guiding designers to apply the PoN while explicitly documenting design rationale and noting supporting evidence and the strength thereof.
While it can thus be said that research has paid ample attention to ensuring the quality of the PoN itself, the same cannot be said for the way it is used. Little to no work exists that has looked at applications of the PoN and the verifiability of their claimed design rationales. Yet, the consequences of some of the criticism directed at the PoN, such as the lack of user involvement or the lack of precision in the formulation of the principles, would be more effectively investigated and reasoned about in the actual context of use.
Given the increasing attention paid to the PoN, this is of importance, because the theory should be evaluated not only on its own merit, but also in its actual context of use. Since the rigorous application of scientific theory to visual notation design in conceptual modeling is fairly new, it is important to endeavor that such design reaches its full potential.
REVIEW APPROACH

Background
The goal of our study was to gain insights into how the PoN is applied. To do so, we performed an SLR of work in which the PoN theory was applied, concretely assessing its application by investigating the scope of applications of the PoN, and the way each principle was applied. We follow the SLR guidelines proposed for the field of Software Engineering (SE) given by Kitchenham and Charters [29] . We focus on (1) studies that applied the PoN theory in order to improve existing notations in terms of cognitive effectiveness, and (2) studies that used the PoN theory during the creation of new modeling languages and notations. As far as we know, no SLR on the topic of applications of the PoN or similar approaches in conceptual modeling has yet been performed.
Because we want to have an effect on the practice of visual notation improvement, it is important to ensure that the insights provided by this SLR are meaningful and important to practitioners as well as to researchers [29] . We aim to ensure this by identifying the gaps in the application of the PoN theory to existing or newly proposed visual notations, on the basis of which we formulate recommendations for using the theory more critically, emphasizing the requirement of involving the actual or intended users of the notation. These strategies are constructed with the objective of leading to notations demonstrating higher cognitive effectiveness for their actual users.
Kitchenham et al. [30] found that a relatively large number of studies were focused on questions that are relevant mostly to research. While our sample focuses on peerreviewed studies from scientific sources, the questions we phrase are directly relevant to practice, as we are concerned with the involvement of practitioners in the design of the artifacts they use. Kitchenham et al. [30] further found that SLRs aimed at evaluating technology (e.g., models, methods, tools) often incorporate a lower number of primary studies (ranging from 6 to 59) than those investigating research trends (ranging from 63 to 1485). Given our focus on applications of the PoN to visual notations, we thus would expect the number of primary studies to fall within the range found for evaluating technology via SLRs.
The most important issue in the current use of SLRs that Kitchenham et al. [31] identified is the lack of quality assessment in the primary studies and thus the reliability of their findings. Given this need to assess the quality of the primary studies that applied the PoN theory, we explicitly formulated research questions that assess the quality of the work accomplished in these studies.
Research Questions
To paint a complete overview of the landscape of applications of the PoN, we investigated several aspects, each addressed by their respective research questions. We addressed the following research questions to be answered by this SLR.
RQ1. Which visual notations have been analyzed using the PoN theory?
Some authors who applied or discussed the PoN mentioned some examples of other applications, but none gave a complete overview that identifies the visual notations to which the PoN was applied and what this landscape looks like. In particular, we are interested in finding how many applications of the PoN were focused on analyzing existing notations and how many authors used the PoN as guidance during the design process of new notations. Given the intended impact of the PoN as a Design Theory that can be used to improve the design of new notations, it is of interest to see the extent of the impact it has generated in that direction. Furthermore, we were interested in identifying in what aspects (e.g., goals processes, rules, architecture) the visual notations were used, as this may lead to interesting classifications of other results later, for example, whether a particular aspect, such as process modeling, typically focuses more on some principles than do other aspects. We investigated the verifiability of each PoN application by focusing on what was in fact analyzed and how it was reported. First, because the PoN theory defines its nine principles as the independent variables that affect a notation's cognitive effectiveness, we investigated the number of principles each application in fact considers, bearing in mind that not all principles are equally relevant to all modeling contexts. This contextual evaluation is important so that the studied articles can be reasonably combined and compared [32] . Second, we investigated whether the application of the selected principles was reported such that others can verify and understand exactly what was done. This leads to the following sub-questions: To the extent of our knowledge, no SLRs on applications of the PoN exist. Some applications of the PoN mention other applications in a related work section. This typically involves the same small number of PoN applications to major modeling languages, such as WebML, BPMN, and UML (although the typically cited paper for the analysis of UML predates the PoN and uses a non-definitive version of the PoN still under review at the time -the very reason why it was not included in this review). Thus, there is no prior published work to use as a starting point for this SLR.
Instead, we started our search through digital libraries. Given the relatively recent publication date of the PoN (2009), we did not foresee limiting ourselves to digital libraries as a handicap. Creating a search string that can effectively find applications of the PoN based only on the title or abstract information is complicated. Frequently, authors do not hint at the use of the PoN theory, or any analysis of the quality of the visual notation itself, in the abstract, but rather use more vague and general terms in relation to the notation, such as its quality or evaluation.
Thus, we decided to first construct and trial our search query, using Google Scholar, by searching for papers that mention either the name of the theory or its dependent variable. This resulted in the following query:
"Physics of Notations" OR "cognitive effectiveness" This resulted in a long list of papers, many of which were not related to modeling languages or to visual notations at all. In several iterations, we decided to add relevant terms to the right part of the disjunction to enforce a correct context. These terms were derived from PoN applications found mentioned in related work sections. This led to the final query:
("Physics of Notations" OR "cognitive effectiveness") AND ("modeling" OR "language" OR "notation" OR "visual" OR "diagram")
We checked for papers from 2009 onward to ensure comparability, as some earlier papers, including one authored by Moody himself (analyzing UML), predate the definitive publication of the PoN in IEEE TSE. The PoN underwent several changes over its earlier versions, including different names of its principles (e.g., perceptual immediacy versus semantic transparency). These cannot be trivially compared to other papers, as the version of the PoN to which the authors had access would have been different.
We performed our search query in seven databases: the ACM DL (12 results), IEEE Xplore (10 results), SpringerLink (185 results), ScienceDirect (45 results), the AIS Electronic Library (59 results), Web of Science (12 results), and Scopus (622 results). Then, we ran a forward snowball on the PoN, extracting a list of papers citing [8] from Web of Science, Scopus, and the ACM Digital Library (see Fig. 2 for an overview). Scopus was the most complete in this regard, with no other database having any additional cited-by data to add. No new results were found in this step.
Additionally, we used Google Scholar to verify that we did not miss any articles not indexed in the selected databases. Because of its wide reach, Google Scholar can be a valuable source for such efforts, having been noted to help in the retrieval of even the most obscure information [33] . This step added two journal articles not found by any of the previously used databases because of an interesting combination of circumstances. The titles and abstract were written such that our search query did not pick up on them because of a lack of detail. Normally, they would have been found regardless of this fact through an all-fields search, because they reference the Physics of Notations. However, these two articles were published online in Software & Systems Modeling and had not yet, at the time of the search, been assigned to a specific volume. This caused Scopus and other databases to treat them as "in press" and not index reference data, making it impossible to find them with the "Physics of Notations" part of the query. Using Google Scholar's wider (albeit far less curated) reach, we managed to include these articles, regardless of the described limitation.
Search strategy publication bias. While we included only published, peer-reviewed work, we searched through all typical levels of publications from journal to conference to workshop. This should have yielded a representative selection of studies of varying level of maturity (and perhaps, quality). Workshops and conferences in the SE and IS domains typically include tracks to discuss work-in-progress focused on providing authors with feedback. Thus, this should feasibly have absolved to some degree the inherent publication bias by reducing the threshold for publication from solely journal articles.
Search strategy documentation. We documented each search result by exporting generated result lists from the used databases. These were saved as comma-separated or plaintext files and are available in an online appendix. 
Study Selection
Study selection criteria. We selected peer-reviewed studies published from 2009 up to May 15th, 2017 if they satisfied all the following inclusion criteria: 1) They described the development and/or evaluation of one or more visual notation(s), and 2) They described an unmodified application of (a part of) the PoN for the development and/or evaluation of that visual notation. In addition to the step-wise inclusion criteria, we excluded articles if they 3) had overlapping versions of already included work.
In this case, the paper with the most complete description of the application of the PoN (thus not necessarily the most recent chronological paper) was selected and used for the analysis. Study selection process. Fig. 3 gives an overview of the search and selection process, with the number of remaining studies after each step. Ultimately, the selection process resulted in a set of 70 papers, slightly above the range of retrieved primary studies that could be expected according to Kitchenham et al. [31] . A full list of the selected papers is given in Table 2 .
The inclusion criteria were treated step-wise. That is, first we checked whether the paper described the development and/or evaluation of one or more visual notation(s), and if so, only then did we check whether it described the application of (a part of) the PoN.
Second, in line with Kitchenham's guidelines, we liberally applied the inclusion criterion of describing the development and/or evaluation of one or more visual notations. Brereton et al. noted that "The standard of IT and software engineering abstracts is too poor to rely on when selecting primary studies." [34] Kitchenham thus suggested that "Initially, selection criteria should be interpreted liberally, so that unless studies identified by the electronic and hand searches can be clearly excluded based on titles and abstracts, full copies should be obtained." [29] Practically, this meant allowing for the inclusion of articles found by the query where the abstract noted developing, e.g., a tool, framework, or method, where it could reasonably be expected that such an effort would include a notation, even if not explicitly mentioned in the abstract.
Third, we checked whether the studies applied (parts of) the PoN unmodified, taking the theory as published. We made this refinement after coming across several studies that applied a synthesis of the PoN and other approaches. This made it infeasible to separate out what parts of the visual notation design was informed by the PoN's principles. Studies that applied (a part of) the PoN and complementarily applied other approaches were included, as it was feasible to separate out what was done according to which approach.
The inclusion criteria required some interpretation. For the papers retrieved from the first three databases (ACM, IEEE, Web of Science), both authors independently assessed the selection criteria and then discussed them, finding no disagreements. Because of this high level of agreement, we decided to continue with the first author assessing and Fig. 3 . Flowchart of (a) the study selection process and (b) the construction and trial of the search query. The search query was constructed using Google Scholar, explaining the inflated counts of returned papers relative to used data sources in the actual selection process.
1. See: https://is-web.hevra.haifa.ac.il/files/vanderlinden/ vanderlinden_pon_slr_search_results.zip.
documenting the remaining retrieved results. At the conclusion of this stage, we selected a random subset of 30 papers for the second author to re-assess the inclusion decisions and compare them with their own decision. No disagreements were found, allowing us to move on to the exclusion criteria.
In line with Kitchenham's guidelines, we did not a priori exclude papers in languages other than English. Several articles were found in French, German, and Spanish. These were read by the first author who speaks French and German, and corroborated with native speakers. For the articles in Spanish, we consulted a native speaker to verify whether the inclusion criteria held. In all cases, even if these papers satisfied all inclusion criteria, they were excluded later because a (more complete) English version detailing the same work had also been published.
Study selection documentation. We documented each phase of the study selection process. A comma-separated file for each searched database is available in an online appendix 2 , explicitly capturing the representative quotes used to ground the decision for each study to (dis)satisfy the criteria. Fig. 4 gives an overview of the number of papers included per year, publisher, and venue.
Study Quality Assessment
Whether it is necessary to explicitly assess the quality of primary studies is dependent on the type of SLR that is undertaken [34] . Because the objective of this review is to assess PoN applications, the actual data extraction and synthesis focus on establishing the quality of the studies. This was done by determining whether a priori requirements elicitation for the visual notation was done (i.e., appropriateness), design choices were evaluated (i.e., validity), and the implementation of design according to the PoN principles is verifiable (i.e., validity).
Furthermore, an important aspect of our quality assessment is establishing whether claims are verifiable. Given the PoN's purpose as a design theory, providing rationale and argumentative proof for design choices is of the utmost importance. For this reason, we coded the level of verifiability of each PoN principle, establishing an additional quality metric, in particular, by explicitly capturing when claims are unverifiable. Making this distinction is also seen as important by Kitchenham, who stresses the need to not assume that "because something wasn't reported, it wasn't done." [29] While it is true that one cannot verify that an unverifiable PoN principle was not implemented, for all intents and purposes one cannot assume it either. Thus, such applications offer little value for the later selection of a visual notation that satisfies some given set of principles.
Finally, we chose not to incorporate further a priori quality cohorts based on studies' metadata. For example, we could naively divide papers into cohorts according to their publication venue, with journals being ranked above conferences, and conferences above workshops. Journals could then be ranked according to, e.g., impact factor, and conferences and workshops according to published rankings. However, regardless of whether such quantifications are actually valid indicators of quality, there is the additional difficulty of assessing the different quality level between cohorts: how does a highly-ranked conference study relate to a study in a very low impact factor journal?
Data Extraction
Design of data extraction forms. We used a spreadsheet to capture the extracted data, including: Title Year 2009, . . ., 2017 Venue journal, conference, workshop Source Publisher Authors Name of the visual notation designed or evaluated Context of use of the visual notation Novelty status {existing, version, new} Were requirements elicited, and from whom {intended users, others}? Was an evaluation of the design done, and with whom {intended users, others}? What justification was given for the use of the PoN, if any? What alternatives to the PoN were discussed, if any? What was the scope of the PoN application: how many, and which principles are applied? The first author extracted the data, which were checked by the second author. As no disagreements arose during the data extraction stage, no further procedure for resolving issues was needed or applied.
Data extraction from external files. Authors do not always include all details in the actual publication itself. We allowed for the extraction of data from external files, such as technical reports and online datasets, on the condition that the selected study explicitly provided directions to external files in the publication. Examples of such applications are Papers 6, 7, and 45.
Data Synthesis
Descriptive synthesis. The data were processed into a tabular overview (see Table 3 ) to show: 1) Notation 2) Focus 3) Status 4) Elicitation of requirements 5) Evaluation of design 6) Justification of PoN use 7) Investigated alternatives It is important to note that we scored the occurrence of elicitation and evaluation steps and not whether the outcomes of these steps in the primary studies were positive or negative with respect to the evaluated studies' objective. For the elicitation of requirements and evaluation of design, we used three possible codes: + for doing so from the intended users of the notation, AE for doing so from participants who were not necessarily the intended users (e.g., students), and -for not doing so. Justification of PoN use was simply coded as a + for any explicitly given justification, -for none. Investigated alternatives were coded as either the abbreviations of the mentioned approach, or -for no mentioned alternatives.
Qualitative synthesis. To assess the scope of the PoN analysis, an additional tabular overview (see Table 4 ) was created. Here, we classified the status of each PoN principle with four codes: + for good, AE for somewhat, -for excluded, and ? for unverifiable. This operationalization respectively refers to the case: + if a principle was claimed to be used, and a verifiable rationale was present; AE if a principle was claimed to be used, but no rationale was presented, or described such that subjective interpretation would be necessary (e.g., because of no explicit mapping to either the direct principle or terminology used by Moody); -if a principle was explicitly claimed to be not applied, or irrelevant for the notation; and finally, ? if the application of a principle cannot be verified. For our intents and purposes, a classification of ? is worse than -, because no rationale can be distinguished and it cannot be ruled out that a particular principle was meant to be applied. Instead, the effect of the principle on the visual notation becomes unverifiable, as discussed in Frankfurt's treatise on the epistemic condition of propositions of which the truth status cannot be verified [35] .
Both authors individually coded the principle scope according to this scheme. Then, we compared the classifications and resolved any disagreements. We calculated a kappa co-efficient of 0.934 with an SE of 0.012, giving a "very good" strength of agreement in the 95 percent confidence interval for the authors' respective classifications.
Sensitivity analysis. Sensitivity analysis is somewhat more subjective in our case given the use of descriptive and qualitative synthesis. However, as part of this review's objective we needed to investigate differences between cohorts of papers, as discussed in section 4.3.3. We found that there is a difference in terms of principle scope between journal articles and proceedings (conference and workshop) papers. In journal papers, only 12 percent of the principles are unverifiable, whereas in conference and workshop papers the percentage is markedly higher (32and 37 percent, respectively). This difference is taken into account in the interpretation of the results, where we take care not to generalize to all papers.
Additionally, we also checked sensitivity for the type of study, i.e., whether it focused on analyzing an existing notation or on designing a new (version of a) notation. A major difference exists between the number of unverifiable principles in applications to new/versions of notations (38 percent) and applications to existing notations (7 percent). This is likely an indication of the objective of PoN applications: the analysis of existing notations is aimed to improve something, whereas in applications to newly designed ones, the PoN may simply be treated as an afterthought.
RESULTS OF THE REVIEW
The data resulting from our analysis are given in the Appendix in Tables 3 and and 4. Table 4 shows the classification of all aspects up to, but not including, the question of which principles were addressed by a paper. It gives an overview of whether each principle was addressed (and to what degree) by a paper. The following sections answer each research question and its sub-questions in detail.
Which Visual Notations Have Been Analyzed with the PoN?
The visual notations investigated with the PoN are shown in Table 3 . Our results show that the number of papers that discuss an application of the PoN as compared to the total number of papers citing it is not very high: 16 percent (based on Scopus' cited-by number of 427). In many cases, such nonapplication citations are general references in related work or used as a general reference to indicate that visual notation is important or that some particular aspect or visual variable (i.e., color use) is important. The total number of visual notations analyzed in the selected papers is slightly higher than the number of selected papers, because Paper 3 reports analyses of three distinct visual notations for similar purposes. In some papers reporting studies where a new visual notation was created, the authors did not explicitly name or otherwise identify their notation, e.g., referring to it as "a visual notation for [topic] ." [36] Nonetheless, we consider them equally to other, named, notations. RQ1a: Is the notation an existing or a newly created one? From Table 4 , we can derive the relative number of newly created, existing, or versions of existing visual notations that were reported in the reviewed papers. These ratios are presented in Fig. 5c . There seems to be a balance between use of the PoN for entirely new visual notations and for previously existing ones, which includes both analyses of existing notations and applications of the PoN to design versions or "forks" of existing notations, to create an extended version of a notation already in existence, such as in Paper 70, reporting on "extended Compliance Rule Graph." [37] RQ1b: For what aspects (e.g., goal, process, rules) is the notation used?
There is a large plurality of notations judging from the purposes for which they are used, ranging from well-known modeling foci, such as business processes, goals, and requirements, to more specialized foci, such as test environments, situational dependencies, and so on. While there is a certain overlap between the stated focus of visual notations reported in the selected papers, such as multiple notations dealing with (different aspects of) business processes, it is difficult to categorize them into a small set of modeling foci without risking arbitrary categorization choices
What Reasons Do the Researchers Provide for
Using the PoN Theory?
RQ2a: What alternative approaches, if any, were considered? While from the above results it can already be inferred that only a small number of alternative approaches were considered, Table 3 lists several such approaches, which are visualized in Fig. 5b . The few papers in which alternatives were considered typically mentioned the CD approach, following Moody's treatment and description of CD as the prime alternative to the PoN. Other approaches mentioned are SEQUAL [38] and Guidelines of Modeling [39] . Some papers that focused on specific topics mentioned more specialized approaches, such as the 7PMG [40] .
RQ2b: What reasons, if any, are given for the selection of the PoN theory rather than others?
We investigated this question by assessing first which papers provide a justification for applying the PoN, and second which papers mention or discuss alternative approaches. Fig. 5a shows the ratio of papers in which the authors justify their use of the PoN theory with some explicit arguments, coded as +, justify it without explicit arguments, coded as AE, and provide no justification coded as -. Fig. 5b shows the ratio of papers where the authors considered any alternative approaches, coded as +, to those where the authors did not, coded as -. While the populations of Fig. 5a and (b) do not completely overlap (see Table 4 for more details), there seems to be a connection between those where the authors give explicit justification for selecting the PoN and those where they considered alternatives. Most authors who considered alternative approaches also gave a justification for having chosen the PoN.
Only 14 percent of the papers contained explicit detailed reasons for analyzing the cognitive effectiveness of their notation, short of paraphrasing Moody's clear thesis on the need for cognitively effective notations. This is particularly the case for newly created visual notations. For example, in Paper 16 the authors state the following as the reason for the analysis "for the visual language proposed here, the PoN principles are applied because of their scientific and theoretical validity." [41] Others justify their use primarily by its (perceived) widespread use, e.g.,: "we chose PoNT [heory] as it is the state of the art SE and RE notation evaluation frameworks widely used with other notations." [42] An example of a well justified use of the PoN can be found, for example, in Paper 6, where the authors justified the use of the PoN by discussing the limitations of alternative approaches, and presented an argument why the PoN was their best option. First, CD and its relevant limitations were discussed, with the authors concluding, "these limitations as well as other disadvantages discussed by Moody support our choice not to base our analysis on CDs." [43] Second, the SEQUAL framework and its perceived limitations were discussed, concluding that SEQUAL's "two main limitations are the level of generality and the lack of theoretical and empirical foundations related to visual aspects of notations." [43] Only after discussing other options for investigating cognitive effectiveness did the authors then present their argument for the PoN that it overcomes the limitations, e.g., "the PoN provides framework that is specifically developed for visual notations," and further justify their use of the PoN by "[the] theory is falsifiable, i.e., the principles can be used to generate predictions, which are empirically testable." [43] 5.3 To What Degree Do the Analyses Consider the Requirements of Their Notation's Users?
RQ3a: To what extent do analyses involve users in determining their requirements for the notation? Table 3 gives an overview of how many of the selected studies involved users in requirements elicitation. Little to no user involvement for eliciting requirements for the visual notation was found. The exact ratio is shown in Fig. 5a , coded as for no, AE for claimed, and + for explicitly shown user involvement.
RQ3b: For each principle, to what extent are users involved in operationalizing the principle?
We found no examples of users explicitly being involved in the operationalization of the PoN principles or indeed any type of tailoring of the application. This should not be a surprise given the typical lack of user involvement shown above. Given the criticism directed at the PoN for being vague and ambiguous (see Section 3), this lack of user involvement is particularity noteworthy. Involving users could alleviate some of the ambiguity by grounding the operationalization in user requirements.
RQ3c: To what extent are trade-offs between principles discussed and determined with the involvement of users?
None of the selected papers discussed trade-offs between principles with the involvement of users. This might be explained by the position taken by Moody after publication of the use of the PoN in another widely cited application [44] , where the authors proposed that it is more important to achieve overall satisfaction of principles rather than optimize one or more principle(s) to the detriment of others. However, we did find one paper where the authors noted that, in their experience, trade-offs between principles depend on the specific design domain and design issues [45] , which stresses the need for user involvement in addressing trade-offs between PoN principles.
RQ3d: Were the design decisions regarding visual elements evaluated such that the measurable improvements in the cognitive effectiveness of the notation, compared to its alternative design, were demonstrated?
Only a small number of authors included an evaluation of their new notation or proposed design changes to an existing notation (see Fig. 5(a) ). Papers reporting a re-design of existing notations did also typically not include experiments or observations attempting to establish a baseline, e.g., reading speed, accuracy, and recall of a new notation, but instead focused on user perception of the re-designed notation. Some authors, such as those of Paper 70, evaluated only some aspects of the discussed modeling language, focusing on semantic correctness but not evaluating the visual notation as a whole. For the purposes of our analysis, we did not consider such cases as constituting an evaluation.
RQ3e: Did this evaluation of the designed notation include the intended users of the notation? If not, how do the authors justify their evaluation procedure?
Only a very small number of studies evaluated the impact of their application of the PoN on the cognitive effectiveness of the notation. it is therefore difficult to give a meaningful answer to the question of whether such evaluations included intended users. Nonetheless, as can be seen in Fig. 5a , where AE indicates an evaluation that was conducted with student participants, the performed evaluations frequently did not include actual or intended users of the notation. Some authors who included in their paper an evaluation with students (e.g., Papers 26, 36, 70) argued explicitly for the validity of evaluation with student participants, citing empirical work providing evidence for students being representative, such as [46] , [47] .
How Verifiable Are the Performed Analyses?
RQ4a: What is the scope of the analysis in terms of the PoN theory's nine principles? Table 4 shows which principles were applied in each selected paper, as well as how verifiable this application is. In Fig. 6 , the relative number of well reported, claimed (without rationale), ignored, and unverifiable principle applications are shown. It can be seen that some principles, such as cognitive fit, cognitive integration, and complexity management, seem to be reported in less detail than other principles.
An interesting difference in the data following from the sensitivity analysis can be seen when these numbers are split into the scope for those studies that used the PoN to analyze an existing notation to assess its cognitive effectiveness versus those that used the PoN in order to, or while, creating a new visual notation or a new version of an existing one. For a clearer overview, we visualize these distributions in Fig. 7 , which clearly shows a difference in the number of ? (unverifiable) and, to a lesser degree, AE (claimed but not detailed) classifications between these two types of applications.
The analysis scope of the selected papers can thus be seen to differ according to the exact viewpoint taken (overall or split into types of application). Overall, the authors of most applications seem to treat and report on about half of the PoN principles with some amount of detail. However, if we split the selected papers into those with existing notations and those with new/versions of notations, a clear difference in scope can be seen, with applications of the PoN to new/versions of notations having a markedly smaller scope in terms of detailed and verifiable reporting.
RQ4b: Is the analysis of each principle verifiable? Given the high number of and AE findings, as evident in Table 4 and Fig. 7 , the simple answer is that it is not the case that each principle was analyzed in a systematic, replicable way. Furthermore, even for those principles that were classified as +, there is a large variety in the quality of the application of the principle. However, the reasons for this cannot be attributed solely to the respective authors, but are likely to be related to the PoN itself, as is discussed in more detail in Section 6.3.
Following the sensitivity analysis noted in Sec. 4.3.5, we found a stark difference in terms of the distribution of principle classification between applications of the PoN to design new/versions of notations and applications to evaluate existing notations. Fig. 8 shows these distributions and how they indicate that applications of the PoN to design new/versions of notations are far from an ideal scenario in terms of the verifiability of each principle.
Ideally, Fig. 8a would show a left-skewed distribution, that is, all applications would be contained in the right hand side bins, indicating that all applications were explicitly addressed and verifiable. Furthermore, ideally Figs. 8b, 8c, and 8d would present right-skewed distributions, that is, all applications would be in the left hand side bins, indicating that no principle applications were left simply claimed, irrelevant, or unverifiable. The difference between the top and bottom rows show that the application of the PoN to guide the design of new/version of notations is even farther from the ideal scenario than applications that evaluate existing notations.
DISCUSSION
Strengths and Weaknesses
Comparison to Other Reviews
While there are no other SLRs, or any other reviews with which to compare our results, the scope of PoN applications is wider than mentioned by those few papers that discuss other PoN applications as related work. More importantly, there is an important difference: papers discussing PoN applications typically mention applications of the PoN that evaluated existing notations such as BPMN and WebML. Moody's own analysis of UML that predates the definitive version of the PoN is typically also mentioned, as is sometimes a technical report by Moody analyzing ArchiMate. Only in rare cases are notations actually designed according to the PoN mentioned as related work. Paper 36, for example, mentions the newly designed VTML as an example of a PoN application. This may indicate that authors are not aware of other PoN applications, which limits their ability to compare and contrast how they apply each principle. As a consequence, even though the body of work applying the PoN has grown, this body's use as a source of practical how to knowledge has remained limited in practice.
Threats to Validity
According to Kitchenham, the most important threats to validity are those that introduce bias into the review process [29] . Zhou et al. further detail the most discussed and prevalent threats to validity of SLRs [48] , which we address for this SLR here:
Bias in study selection: as detailed in the review protocol (section 4.3.2), to ensure that we used the inclusion and exclusion criteria effectively and were not guided by subjective conjecture, we documented each decision with quotes from the actual studies. This allows for additional colleagues to verify random samples of inclusion/exclusion decisions in order to assess that we were not guided by subjective opinion. Bias in data extraction: we discussed the use of coding schemes for data, which had to be coded (e.g., requirements, justification, evaluation, alternatives), as well as the principle scope analysis. The utilized coding scheme was documented and used during any discussions of different decisions between the authors to ensure no bias or misinterpretation of the coding occurred. Inappropriate or incomplete search terms in automatic search: the procedure for determining the search string (see section 4.3.1) was based on iterative refinement using identified paper examples as input. Additionally, we used multiple databases to ensure full coverage, as well as forward snowballing on the PoN theory's definitive article and validation of the completeness of the selection with Google Scholar. Furthermore, this review might be threatened by some additional, more specific, validity considerations:
Lack of standard languages and terminologies: studies do not consistently use the same term to refer to visual notations. Terms like notation, diagram, and modeling are all used. This was primarily a difficulty while building the search string. For the inclusion stage, we followed Kitchenham's guidelines and applied the second inclusion criterion liberally, so as to avoid missing any studies because of unexpected use of terminology. Furthermore, the reading of foreign language articles could have posed a threat, but all retrieved articles had an English abstract and keywords, and thus, this threat was avoided. Paper/database inaccessible: we ran into several cases where we could not access papers because of more niche publishers to which we or our immediate colleagues had no access. All these cases were resolved by (1) requesting a full-text through ResearchGate and/or Academia.edu, (2) if no response, emailing the first author, and (3) if no response, emailing remaining authors. Following this approach, we were able to acquire full texts of every study retrieved by the search query. Primary study duplication: we took care to avoid including redundant applications of the PoN per our exclusion criterion. When a duplication was found, we considered which paper offered the most details about the PoN application, and included only that one in the review. We did so because in some cases later papers focused more on other aspects, e.g., implementation of a tool or case studies, and omitted details of the visual notation's design included in older papers.
Meaning of Findings: On the PoN's Actual Impact
Increasing use for designing new notations. Fig. 9 shows that the PoN is increasingly used for designing new notations, whereas Figs. 7 and 8 show there is a lot of effort to be invested in applications to new notations. The fact that the PoN is increasingly used to design new notations instead of evaluating existing notations places more stress on ensuring it is well applied. For a design theory like the PoN that means ensuring verifiability and design rationale is important. Lack of justification. As much as the use of the PoN has grown over the years, there is very little justification by authors as to why the PoN theory was chosen as the approach to ensure the visual notation's cognitive effectiveness. This indicates, perhaps, that the selection of the PoN theory is driven by its wider acceptance of those in the field, signaling that it is an expected part of creating a new notation. However, this runs the risk of leading to scenarios where little more than lip service is paid to the PoN theory, which can already be found in examples below.
Whereas other approaches such as SEQUAL, GoM, or CD are described as "frameworks" or "guidelines," the PoN sets itself apart by clearly identifying itself as a theory for visual notation design. Several authors ground use of the PoN specifically in terms of its being scientific and providing a scientific means. This seems to be inspired by the PoN's main claim of the need to ground design rationale in scientific evidence rather than subjective opinion. However, given the lack of experimental evaluation or otherwise rigorous testing of proposed design, what authors understand as "scientific" remains vague. For example, in Paper 36 the PoN is characterized as being a much-awaited "welcome theory," because unlike its predecessors it makes it possible "to conduct notation evaluations scientifically." [49] In Paper 16, it is similarly stated that "the PoN principles are applied because of their scientific and theoretical validity." [41] In Paper 26, the title clearly claims "A scientific evaluation of [. . .]" Other approaches, in particular CD, are ruled out in this paper because of "the limitations of CDs framework with respect to being a scientific basis for evaluating and designing visual notations [. . .]" [50] Given the authors' further recommendation for more analyses of visual notations, which ". . .should be supplemented with improvements that use the PoN principles as a scientific basis" [50] (emphasis added), the PoN's suitability seems to be asserted because of its nature as a scientific theory.
This re-affirmation of the PoN as a scientific theory and its value as compared to competing or complementary approaches imposes requirements on how the PoN is used. A high level of rigor in all stages of research should be expected, but may not be that easily achieved, given the difficulties in applying the PoN, as discussed in Section 2. Lack of user involvement. The finding that there is typically a lack of user involvement is especially troubling, given the need to involve users in operationalizing principles. This indicates that the PoN is not as well applied as it should be: how can a notation be designed to be semantically transparent for its intended audience, if members of this audience were not involved in either the notation design, or its evaluation?
In a recent study, requirements for a process modeling notation were elicited, and the authors found they had a strong overlap with the PoN principles: "Interestingly a lot these non-functional requirements closely resemble the principles constructed by Moody. For example, the demand for descriptive, graphic elements corresponds to the Principle of Semantic Transparency.' Furthermore, demanding non-redundant symbolic corresponds to the Principle of Semiotic Clarity."' [51] If it is indeed found that practitioners have requirements of importance to them that are strongly related to the PoN principles, then they should definitely be involved in the operationalization of the principles for any application, as well as a later evaluation of the actually designed visual notation.
Lack of comparability because of application scope. Figs. 6 and 7 show that rarely are all principles explicitly addressed. The PoN's theoretical model includes nine independent variables (the principles) that affect the dependent variable (cognitive effectiveness), with the claim that visual notations that satisfy the principles are more cognitively effective than those that do not. However, if only a partial number of principles are applied, or some principles are only partially applied, how can the degree to which notations are more cognitively effective be clearly established?
For example, some authors [52] selected a limited number of PoN principles according to earlier empirical work that examined which principles were perceived to be most useful by their users [53] .
As a result, it is not necessarily feasible to compare two visual notations for similar purposes, which were designed according to the PoN, and pick the most cognitively effective one. On the other hand, given the trade-offs between principles, if the exact principles applied were well described and verifiable, one might be able to select a visual notation that best satisfies the exact requirements for a specific audience and purpose.
Lack of verifiability of principle application. The most critical finding of this review is that for many newly designed visual notations it cannot be verified whether certain principles hold (see Fig. 7b ). This is a serious issue, because it impacts the certainty with which we can say that the PoN theory was actually used, let alone satisfies its main message that design should be grounded in (scientific) evidence rather than subjective opinion. Fig. 8 further shows that this lack of verifiability is most evident in the applications of the PoN used to design new/versions of notations, even though here it is most important to ensure the well-foundedness of the notation's design rationale.
Let us look in some more detail how this actually manifests in different PoN applications. The authors of some papers in which a new notation was introduced claim to have used the PoN or its principles, but provide no further details of how these principles guided the design or how the created design satisfies the principles. Some other authors explicitly state the principles of the PoN that they used or followed, but provide no further information. For example, in Paper 70 it is stated that ". . .the design of the eCRG language partially considers the principles for designing effective visual notations. Particularly, the concepts of semiotic clarity, perceptual discriminability, semantic transparency, graphic economy, and cognitive fit were taken into account." [37] However, in the remainder of the paper no further reference to or assessment of these principles was made, making it impossible to verify the degree to which the visual notation was actually designed with these principles in mind, let alone satisfied them.
Another example is found in Paper 5, where the authors first claim that all the principles of the PoN were used as guidelines in the design of the visual notation: "The notation follows the principles of Moody's prescriptive theory for visual notations. . ." [54] However, the following discussion does not link this statement to the exact terminology of the PoN, making it difficult to assess what was actually done or which principles were (meant to be) addressed. For example, when discussing the design of symbolic representations, the authors state "the hardest part in constructing adequate icons is to find the simplest symbol, which sends the clearest message in a unique and easy way." [54] This can be taken to refer to semantic transparency (sending clear messages), but also to perceptual discriminability and visual expressiveness (a unique way, i.e., a unique combination of visual variables.) Some authors clearly note which principles of the PoN they selected and which were deferred to future work, but still make claims as to the remaining principles' satisfaction. For example, in Paper 33, although the authors note that they did not want to make any claims about whether some principles were or were not satisfied, because further validation was required, they still claim (partial) satisfaction with no data, e.g., of semantic transparency: "[. . .] the visual metaphors applied to each of the elements are representative, and its semantic is the closest possible to its intended meaning. However, validating this principle also requires an experimental study." [55] Additionally, some authors do not refer to the theory or data in which some of their assumptions are grounded. For example, in Paper 2 in the context of satisfying graphic economy, the authors state "[w]e also have that the number of different graphical symbols in the model is under the upper limit of six categories for graphics complexity, so the principle of graphic economy is accomplished." [56] The graphic economy principle indeed prescribes that a number of distinct graphical symbols greater than some threshold n should not be used, for which multiple examples and sources are given. The particular threshold given here, while probably meant to refer to Miller's Law of 7 AE 2 [57] , is given arbitrarily as six, with no reference to either an original theory or other work reporting its use. Thus, it cannot be verified whether the design rationale indeed derives from scientific evidence, or is a subjective opinion, here a "lucky shot."
A more positive example of a verifiable application of the PoN can be found in, for example, Paper 4. The authors clearly state whether PoN principles were satisfied or not, and how. For example, for semiotic clarity: "To that end, our visual notation uses a different symbol to represent each of the taxonomy's elements, and does not introduce any new concepts." [58] This statement is straightforwardly verified by the explicit inclusion of extensive meta-models and tables detailing each visual element of the visual notation. Thus, readers can immediately see and verify that this principle indeed holds.
IS It the PoN, Its Followers, or Both?
The previous section discussed what is troubling about the studied PoN applications. But a more pressing question might be, why, or even more direct, because of whom are these applications so troubling? Are these troubles to be attributed solely to those applying the PoN, the PoN itself, or both?
On the one hand, not all these challenges can be attributed solely to the people applying the PoN. Working with the PoN principles is further confounded by the difficulty of determining the extent to which a principle is satisfied, as noted by some authors, e.g., in Paper 16: "There is no distinct method for measuring the extent to which the criteria are fulfilled." [41] The criticism directed toward the PoN in the literature, as discussed previously, shows indeed that, as a theory, it does not always offer exact guidance to ensure that PoN users can apply it systematically and verifiably.
On the other hand, in some cases authors also seem to invest less effort than ideally required to satisfy PoN principles. For example, in Paper 24 the authors present arguments that allow a debate as to whether they satisfy a principle or merely pay lip service to it. For example, for dual coding, the authors stated "All SEAM [the proposed notation] graphical symbols are accompanied by short labels or descriptive textual expressions." [42] Yet, this does not say anything about the quality or cognitive impact of the exact text, for example, even though there are discussions in the literature providing some more substance in this context. For example, while the PoN does not explicitly enforce it, Moody et al. set an arguably higher standard for dual coding in the PoN's application to i* [44] . Their recommendation includes to not only ensure all elements are named, but that there are clear guidelines for doing so. For example, they recommend using a verb-object form to name i* elements, and recommend avoiding confusing users by encoding roles with too similar role names such as depender versus dependee. In fact, they raise the issue that "the meaning of those terms would not be understood by the average business user as they are not commonly used in everyday language." [44] It thus seems apparent that dual coding should involve more consideration than a mere binary check of whether text is used in addition to graphics.
Several authors used arguments for the satisfaction of a particular principle by referring to examples of other notations that would not satisfy that principle. For example, in Paper 33, the authors presented their claims for a number of principles and determined that their notation satisfies graphic economy, arguing that the proposed notation "[. . .] uses a maximum of 12 graphical symbols for each diagram. This is a small number compared to UML Class Diagrams that have a graphic complexity of over 40." [55] While Moody and Van Hillegersberg claimed that the graphic complexity of UML Class Diagrams "exceeds human discrimination ability by quite a large margin," [6] using such forms of ad hominem does not answer the question whether the notation investigated actually satisfies the principle. Noting counter-examples does not substitute for design rationale, and should not be used as a sole argument for whether a particular principle holds.
Finally, in Paper 26 another case exists where the authors, while not relying solely on it, present an argument to authority for the validity of their analysis by explicitly naming and showing that the original notation's designer agreed with their assessment and redesign: "One notable survey respondent is Dr. Andreas Opdahl, one of the original creators of the notation. Dr. Andreas Opdahl correctly answered all questions in the first section of the questionnaire and has preferred the entire set of the new notation symbols." [50] Such arguments should be avoided at all costs, because they draw attention away from the design rationale itself, potentially biasing the reader to bypass direct examination of the presented evidence, trusting instead in the supposed expertise of an authority [59] .
A different type of potential fallacy can be found, for example, in Paper 1, where semantic transparency is argued for because "An AGENT could be shown wearing dark glasses and holding a gun (by association with agents of the 007 kind)" [44] . In such cases, the authors run into a potential anecdotal fallacy, arguing from their own experience and cultural frame of reference, without explicating that those statements would hold only for people with the same reference frame. The importance of considering such factors can be seen in recent studies on IS, which have shown culture-specific differences of understanding for color-coding in process models, and proposed cultural adaptive model design [60] .
While it has been argued that the PoN has its share of challenges, is difficult to apply, and does not offer enough explicit guidance, we cannot avoid re-iterating that many authors seem to have forgotten or misunderstood the PoN's main message in the article publishing it, indicated in the abstract, at the start of the article, and re-iterated in the conclusions: that design rationale "should be based on scientific evidence rather than subjective criteria, as is currently the case." [8] 7 CONCLUSION
Contributions
This article presented an SLR of the applications of a theory for validating the cognitive effectiveness of visual notations, the Physics of Notations. We investigated the purposes for which the PoN has been applied in the recent years following its publication, investigating which visual notations have been designed or analyzed using it, looking in particular at the verifiability and completeness of these applications.
While the PoN has gained traction among the research community, as evidenced by the 70 applications, only a limited number of those applications can be said to be in line with the PoN's main message on the importance of explicit design rationale, grounded in scientific evidence. The contribution of this review, thus, is that it serves as an indicator of the current gap between the vision promoted by the PoN for visual notation design, and the reality. There are multiple reasons for this gap, stemming both from the PoN itself and from its followers.
With regard to the PoN's followers, this review has shown that many authors of applications simply claim that principles have been applied, while offering little to no evidence or supporting design rationale. Furthermore, there is a lack of user involvement, and many applications differ in scope. As a result, the landscape of PoN applications is fragmented, in effect devaluating the impact of the PoN itself. With little possible comparison between individual applications, and the general uncertainty of what exactly was done, PoN applications that can serve other researchers to learn by example are few and far between.
With regard to the PoN itself, another, perhaps more fundamental, concern is to what extent the PoN supports researchers in systematically applying each of the PoN principles and verifying whether they hold. Some of the criticism leveled at applications of the PoN may indeed be rooted in the different degrees to which each principle lends itself to be operationalized. Researchers are required to interpret those principles, which may be difficult to operationalize, and then determine exactly what to do. This may lead to many different possible outcomes. While the PoN, as it is, represents one of the premier approaches for assessing the cognitive effectiveness of visual notations, the manner in which it is applied does not reach its full potential.
Recommendations
Interpreting our findings, there are two main aspects to improving the value of the PoN theory and ensuring that it actually leads to improved design of visual notations: (1) those who apply the PoN need to take more care to ensure their application is in line with the PoN's main message, in particular to stress the evidence for any design rationale given, and (2) support for use of the PoN needs to offer more explicit guidance for applying the actual principles, in particular those requiring user involvement for operationalization and evaluation.
With regard to (1), applying the PoN should be done with more care. Those using the PoN to design notations should pay additional attention to principles requiring considerate application of cognitive theories, such as dual coding, cognitive fit, cognitive integration. In implementing these principles, more than the bare consideration should be given, some points of which have been discussed in Section 2. Furthermore, applications of principles (additionally) requiring user involvement in their operationalization and evaluation should always explicitly do so. Design rationale based on expert opinion is no substitute for design rationale inspired by actual users' requirements, and shaped by their feedback in evaluation, iteratively if necessary.
In regard to (2) , improving the PoN should focus on providing means to guide researchers in applying individual principles, and in doing so enforce the systematic documentation of design rationale and evidence. While tools such as CEViNEdit [26] and approaches such as PoN-S [23] are a welcome start to help structure the process of developing visual notations, more practical guidance on the actual contents of the principles is needed. The work of St€ orrle and Fish [24] is valuable here, but remains limited to the subset of principles that lend themselves to be formally captured. For those other principles requiring consideration of cognitive theories and user involvement, approaches other than formalization may be needed. For example, structured guidelines can be provided to assist researchers and designers of notations in the elicitation of data for specific principles and categorization of the elicited evidence.
These recommendations stand, hopefully, to lead to a landscape of PoN applications that is of higher value to both researchers and intended users of notations. With clearer scope and explicit design rationale, intended users could more accurately select a suitable notation that fits their intrinsic requirements [51] . Researchers, at the same time, will have a body of notations better grounded in design rationale and evidence to build on for further work. More importantly, this body of notations can effectively serve as instruction material for future applications of the PoN, alleviating at least somewhat the established difficulty of applying the PoN.
APPENDIX A SELECTED PAPERS
See Table 2 . Listed are respectively notation, focus, requirements elicitation, evaluation, justification, and consideration of alternatives. The different properties are denoted by -, AE, and +, respectively denoting the absence of the property, claimed or mentioned, but not shown inclusion of the property, and reporting of the property. In the alternatives column the abbreviations stand for resp. Cognitive Dimensions (CD), SEQUAL Framework, Guidelines of Modeling (GoM), and 7 Process Modeling Guidelines (7PMG). As previously, the degree to which a principle is satisfied is denoted as -, AE and + for resp. no reporting or reasoned absence, AE for claimed satisfaction with no details, + for any kind of details given for claimed satisfaction, and ? for an unverifiable claim.
APPENDIX B CLASSIFIED RESULTS
See
